When deposited on a surface, electric charge usually accumulates near the tips of surface irregularities, from where it can be transferred to nearby objects due to ionization of ambient air. The amount of transferred charge, the rate of charge transfer, the size of the charged spot (e.g., on the surface of an insulator) and its tendency to spread will depend on properties of air during electric discharge, on the magnitude of charge accumulated at the tip of an object, on possibilities for replenishing that charge, on the time spent for charge transfer from the tip onto the insulating layer, on properties of the insulating layer, etc. Those properties are discussed in this work by comparing the results of measurements and theoretical analysis.
INTRODUCTION
* Ion beams of high intensity can change physical properties of materials [1] , stimulate diffusion processes [2] , cause ablation [3] , local heating [4] . At lower intensities and shorter exposures, the mentioned processes weaken, so that it becomes possible to investigate smallcharge effects. Investigations of charge kinetics from a needle-shaped electrode make it possible to determine sheet resistance of an insulator layer [5] , charge carrier mobility on the surface of the insulating layer [6] , which can depend on properties of adsorbed air [7] or on humidity. Consequently, measurements of humidity can provide useful information when investigating charge carrier mobility [8, 9] . Similarly, if charge carrier mobility depends on radiation intensity, it could be measured, too [9, 10] . Conductivity of air and tangential and normal electric fields created on the insulator surface are determined in this work. Knowledge of those fields is important, because, e.g., when a threshold value of normal electric field is reached, an electric breakdown will occur in the insulator layer and it will be damaged. Knowledge of charge kinetics can be used for estimating the moment of time when charge on the insulating surface must be limited in order to avoid electric breakdown. Tangential electric field strength causes spreading of electric charge over the insulator surface, and if such spreading is impossible due to insufficient conductivity of the insulator, then at sufficiently strong tangential electric fields charge transfer through air can occur (air breakdown).
EXPERIMENTAL DETAILS
In this work, it is assumed that electric charge density in the air gap between the needle electrode and the substrate is sufficiently small, so that it does not affect electric fields existing between the needle and the substrate, and it will not be taken into account in the equation describing the electric fields. In addition, collisions of charge carriers with each other and with molecules of the surrounding material are ignored. Since those collisions would cause additional spreading of the charge, the approximation that ignores them only allows determining the smallest possible spreading of charge deposited on an insulator surface. The investigated system is symmetrical with respect to the needle axis; therefore, cylindrical coordinate system will be used, which in this case has no angular dependence. All quantities only depend on the z coordinate, which is measured in the direction from the needle electrode towards the substrate, and on the polar coordinate ρ (distance to the axis that passes through the needle tip and is normal to the insulator surface). The needle electrode is modeled as a disk with diameter d. The charge that leaves the needle is deposited onto the insulating layer surface, and its surface density is σ(ρ,t), where t is time. The charge induced in the substrate is σind(ρ,t). Fig. 1 shows the setup that was used to measure kinetics of insulator charging current (Fig. 2, curve 4) .
In this work, the radius of the needle 2 is d = 0.2 mm, the distance between the needle and the insulator layer is l1 = 1 mm, and the dielectric permittivity of ambient air is ε1 = ε0 (it is assumed that relative dielectric permittivity of air is 1). The insulator layer is composed of PET (thickness l2 = 40 μm, dielectric permittivity ε2=ε03.4 [11, 12] (ε0 -electric constant).
The deposited charged spot was developed with an electrophotographic developer using the method of dust chamber.
CALCULATION METHOD
The Laplace equation in cylindrical coordinates defines the potential U1 between the insulator 1 ( Fig. 1 ) surface and the needle electrode 2, and the potential U2 between the substrate 3 and the insulator surface 1:
, , ( From Ohm's law, current density j at the needle electrode is
where l1 is distance between the needle tip and the insulator surface, l2 is insulator thickness, ε1 and ε2 are dielectric permittivities of air and insulator, respectively, R is the resistance that limits the current, U10 = U1|z=00 is potential near the needle surface, US is the source potential, η is the air conductivity to charge transfer from the needle electrode (this conductivity is assumed to be constant at all points and independent of ρ, z and t). Air conductivity η during the discharge is determined by discharge current, geometry of electrodes participating in the discharge, humidity and composition of ambient air [12] . Consequently, at specific conditions of the experiment, the value of η is not known beforehand (the handbook [12] only allows to estimate the range of possible η values, which is 10 -8 -10 -14 Ω -1 m -1 ). However, by comparing calculated and measured kinetics of current that flows out of the needle, the value of η can be determined with higher precision. The current density on the insulator surface determines time dependence of the surface charge density σ(ρ,t) (this charge density is the same one that appears in Eq. 2):
The normal component of electric field strength near the surface of the needle is
Potentials are calculated using the Hankel transform. In order to calculate the current that flows in the external circuit, the time dependence U10(t) must be known (see Eq. 5). This quantity is calculated using the power balance relation.
The component of electric field strength that is normal to the substrate (Ez) and the component that is parallel to the substrate (Eρ), i.e., tangential, are expressed in terms of corresponding derivatives of the potential:
As evident from Eq. 5, calculation of current that flows in the external circuit requires knowledge of U10(t) as a function of time. This quantity is estimated using the power balance relation. Let us denote
Power created between the substrate 3 ( Fig. 1 ) and needle 2 is expressed as follows:
where R is resistance 4 ( Fig. 1) , I is the total current in the external circuit. On the other hand, the power given by Eq. (10) is equal to the time derivative of energy W released in the mentioned part of the system,
i.e., to
In Eq. 11, dS an area element of the surface containing the surface charge σ(ρ,t), and U(ρ,t) is the potential on that surface.
Density of charge deposited on the insulator layer is calculated using Eq. 2. The same expression is used to calculate density of charge induced in the metal substrate, but in this case subscript "1" indicates the insulator and subscript "2" indicates the metal, for which ∂Uz/∂z = 0.
RESULTS AND DISCUSSION
The current between the needle and the insulator layer begins to flow when electric field between the needle and the layer exceeds the threshold value corresponding to breakdown of the air gap between the needle and the insulator (it has been determined experimentally that when the distance between the needle and the insulator surface is 1 mm, the minimum breakdown voltage is 3500 V).
Fig. 2. Current kinetics during discharge from a needle electrode.
The limiting resistance is R = 680 MΩ. The theoretical curves are calculated using air conductivity:
As mentioned, calculations have been done neglecting the space charge in the gap between the needle and the insulator. Experimentally, such conditions can be achieved by using the maximum value of limiting resistance, i.e., R = 680 MΩ. In this case, by estimating the electrode charge (from an approximate value of electrode capacitance and their potential difference) and the maximum possible current between those electrodes (it would only be limited by the limiting resistance R and by conductivity of air, which is approximately 2 cm 2 V -1 s -1 [12] ), it is possible to estimate the total charge existing between the electrodes. It is approximately equal to half of the charge accumulated in the electrodes. During the current kinetics, the charge between the electrodes can only decrease, because the current decreases, so that the assumption of negligibly small influence of the space charge in the air gap on electric field strength becomes increasingly more justified. By comparing the calculated current kinetics with experimental ones, it can be seen that theoretical kinetics practically coincide with experimental ones when air conductivity is 510 -10 Ω -1 m -1 . This value is approximately the same as the value given in the handbook [12] . Thus, it may be concluded that conductivity of air in the region between the needle and the insulator surface during electric discharge can be determined by comparing measured and theoretical current kinetics. The experimental current kinetics coincide with theoretical dependence at all times, which indicates that conductivity of air does not change during the discharge from the needle electrode and is a constant quantity. As evident from Fig. 2 , the current does not necessarily decrease in the initial stage of kinetics: in some cases, it may initially increase. The charge deposited on the insulator layer (Fig. 3) under the tip of the needle is at first large, but after several hundredths or tenths of a second the charge density reaches the maximum value and becomes practically constant. Charge density further away from the needle axis changes with time in a manner consistent with spreading of the deposited charge (as though the charge moves along the insulator surface and this causes spreading of the charged spot), but this apparent "spreading" of charge is actually a result of redistribution of electric fields between the needle and the insulator surface. The latter "spreading" of charge can be as long as several tens of minutes and is caused by decrease of normal electric field strength Ez and increase of tangential electric field strength Eρ with time near the insulator surface, so that the moving charge carriers are increasingly deflected away from the needle axis. Such "spreading" is also characteristic of the charge induced in the substrate and the tangential electric field strength. The theoretical calculations have been done assuming that charge carriers are immobile on the insulating layer surface.
The charge induced in the metal substrate at different moments of time is shown in Fig. 4 . Initially, that charge is only determined by the charge accumulated in the needle. As charge is transferred from the needle onto the insulator surface, the charge existing both in the needle and the metal substrate increases and spreads. The difference in Fig. 3 and Fig. 4 is only in the initial time moments.
The deposited and induced charges defines the electric field strength in the isolator. Too great fields strength can breakdown the isolator material. The tangential electric field strength Eρ on the insulator surface can cause drift of deposited charge carriers. Distributions of tangential electric field strength at different times are shown in Fig. 5 . We see that tangential field strength is equal to zero just below the needle. From the theoretical expression of Eρ it follows that Eρ~ρ when ρ→0. When ρ→0, the divergence of drift current, which determines time variation of charge density, is proportional to 0 Thus, charge carrier drift is one of the reasons why carriers can leave the point ρ = 0. Unlike the tangential electric field on the surface of the metal substrate, the tangential electric field on the insulator surface can be nonzero even at the initial moment of time (depending on geometry of the system), when there is no charge deposited on the insulator surface. The distribution of tangential electric field was also calculated for the case when the needle is removed after depositing charge on the insulator surface. The results indicate that in this case the tangential electric field stays practically the same. Distributions of deposited charge density, induced charge density and normal electric field are also unchanged. Fig. 6 . The normal electric field strength determines the energy of a charge carrier when it collides with the insulator surface. That energy determines the probability that a molecule existing on the insulator surface (e.g., a water molecule) escapes from the surface after the collision. If binding energy of those molecules is less than energy of incident ions, then those molecules will escape. In addition, charge carriers can collide not only with neutral molecules, but also with ions that were deposited earlier, and thus stimulate motion of those ions on the insulator surface (as a result, ions would spread almost uniformly inside a certain oval area). At first, the normal field strength increases with time, but later on it starts to decrease and approaches zero, whereas the charge deposited on the insulator surface becomes almost equal to the charge induced in the substrate.
The charge deposited on the insulator surface (Fig. 3 ) can be developed with an electrographic developer and thus it can be ascertained if theoretical estimates of charge spread are in accord with experimental results. The results of measurements indicate that electrographic developer only allows developing potentials down to several volts (lower potentials are not developed). The theoretical curves were calculated using the following air conductivity: 1 -η = 10 -9 Ω -1 m -1 ; 2 -10 -10 Ω -1 m -1 ; 3 -10 -11 Ω -1 m -1 ; 4 -10 -12 Ω -1 m -1 ; 5 -10 -13 Ω -1 m -1 ; the diameter D is defined as the diameter of the area where charge density exceeds 10 -3 C/m 2 ; experimental results are given by curve 6. Air conductivity has practically no effect on the size of the charged spot Consequently, the charge density corresponding to such potential values has been used as the minimal charge density that can be developed with an electrographic developer. Using this quantity, the theoretical value of the radius of the charged spot has been calculated. That radius has been calculated for various values of air conductivity. The results are shown in Fig. 7 . As evident in Fig. 7 , conductivity of air has practically no influence on spreading of the charged spot during charge deposition on the insulator surface (one should keep in mind that charge carriers on the insulator surface are immobile). An increase of air conductivity causes an increase of current density and thus an increase of charge carrier concentration. For measuring the diameter of the charged spot, each point of the time dependence (Fig. 7 , curve 6) was determined by allowing the current to flow until time t. Then, the current flow was interrupted and the diameter of the charged spot was measured by developing the deposited charge with an electrographic developer. A good agreement between experiment and theory indicates that charge carriers do not move on the insulator surface and that the charge carriers that move between the needle and the insulator surface have no significant influence on electric field between the needle and the metal substrate. The distribution of the deposited charge is determined by geometry of the system. Fig. 7 can be used to determine conditions when theoretical results are sufficiently accurate (i.e., when the charge existing between the needle and the insulator surface does not affect the distribution of electric field). As evident from Fig. 7 , when R = 680 MΩ, the calculated size of the charged spot does not depend on air conductivity. Fig. 8 shows time dependence of the radius of the developed charged spot at various values of the limiting resistance R. At R = 790 kΩ and R = 7.3 MΩ, the theoretical current kinetics are very different from experimental ones (Fig. 2) . Consequently, at those values of the limiting resistance, the theoretical model described in this work is not suitable. If R is increased to 60 MΩ, the calculated current kinetics become more similar to experimental ones (Fig. 9) .
However, in this case the initial part of the experimental current kinetics coincides with the theoretical curve corresponding to air conductivity 510 -9 Ω -1 m -1 (the experimental curve may be shifted along the time axis, because at the time when measurement of that curve starts, the current is not zero, and its initial value is determined by the chosen magnitude of the synchronization pulse), whereas the final part of the experimental current kinetics coincides with the theoretical curve corresponding to air conductivity 210 -9 Ω -1 m -1 . Fig. 9 . Kinetics of current during discharge from a needle. The limiting resistance is R = 60 MΩ; y0 = 0.875. The theoretical curves have been calculated at air conductivity:
It follows that η is not constant. Instead, η depends on current and thus varies with time (it means that the expression of current density given by Eq. 4, where η = const, is not suitable and must be modified by replacing η with an accurate expression: e x μ x η, where μ is ion mobility and n is ion density. However, this would greatly complicate calculations of electric field strength and magnitude of deposited charge). In addition, the calculated spread of the charged spot is less than the measured one. This discrepancy could be caused by motion of deposited charge along the insulator surface, which is neglected in the theoretical model.
The total electric field strength inside the insulator is important for investigations of insulator properties. For example, it is needed in order to determine if electric breakdown will occur at a particular value of electric field, or if charge carrier transfer caused by high electric field [13] will occur (e.g., hopping or tunneling of charge carrier between localization states), etc. Calculations indicate that the total electric field inside the insulator is initially largest near the substrate, and it becomes larger as the charge is being deposited. The normal and total electric fields inside the insulator near its free surface also increase during deposition of charge. The electric field is strongest at the point ρ = 0. Consequently, the insulator breakdown is most likely to start at that point (in the case of PET, the breakdown electric field strength is 210 7 V/m [12] ). The maximum electric field created inside the insulator is normal to the insulator surface, and its magnitude is determined by the charge deposited on the insulator surface. As the deposited charge is increased, the total electric field becomes increasingly parallel to the normal of the insulator surface at every point of the insulator. The calculation results can be used to determine ranges of values of system parameters (air gap width, insulator thickness, its relative dielectric permittivity, etc.) that correspond to absence of breakdown or which values of electric field strength are small enough to maintain integrity of the insulator, but at the same time large enough to cause charge carrier transfer phenomena.
During charge deposition on the insulator surface, the normal component of electric field in air at first increases (Fig. 6 ), but later on it starts to decrease and approaches zero at the point just below the needle. The field only remains non-zero further from the center of the needle. Thus, if it were possible for additional charge carriers to be transferred from the needle onto the insulator surface, then that field would direct them away from the needle axis, and this would make the charged spot to spread on the insulator surface. However, when electric field strength just below the needle drops to zero, the needle is "closed" (Eq. 5).
The electrical breakdown occurs near needle tip. So we can expect and calculations show this, that only negligible influence of insulator electrical permittivity and insulator thickness on electrical breakdown can be seen. Insulator surface in this work was considered as perfectly flat.
CONCLUSIONS
The technique described in this work can be used to measure air conductivity during discharge.
Deposited on the insulator surface charge spread is a result of redistribution of electric fields between the needle and the insulator surface.
The results of this work can be used to calculate magnitude of electric fields formed by deposition of charge on the insulator and thus to find out if those fields will not exceed the threshold value of air breakdown on insulator surface. Also an electric field strength in the insulator can be determined, which cause a breakdown or stimulate charge transfer phenomena in insulator material. Experimental system parameters can be selected for desired result.
The rate of charge transfer is not a determining factor for distributions of charge density and electric field strength on the insulator surface, the main factor is the total charge that has left the needle.
